T HYROID HORMONE has profound effects on the development of the mammalian brain during intrauterine and early postnatal periods. A lack of thyroid hormone from maternal and/or fetal sources leads to widespread neurological and neuropsychological abnormalities. The best human model of these effects is endemic cretinism, caused by severe iodine deficiency, which is characterized by neurological deficits involving the motor cortex, pyramidal tracts, basal ganglia, and auditory system (1). The developmental effects of thyroid hormone are mediated through specific thyroid hormone receptors (TR). There are two genes, (Y and p, that encode the TR, and in the rat, four c-erbA-related complementary DNAs (cDNAs; (Y,, (Ye, &, and &) have been described. Initial studies using Northern blot analyses suggested restricted expression of the TR& messenger RNA (mRNA) to the anterior pituitary (2,3), but subsequent PCR (4) and in situ hybridization (ISH) (5) studies revealed limited expression in selected brain areas. Recent studies using antibodies directed against the TRP,, however, have demonstrated widespread distribution of immunoreactive TR& in brain and other extrapituitary rat tissues, including kidney and heart (6, 7).
The reasons for the detection of substantial levels of TR& protein with a poor ability to detect mRNA by Northern blot analyses remain poorly understood, but include the detection of a novel T,-binding protein by TR& antisera or rapid processing or degradation of the TRP, mRNA. The aim of this study was to determine whether using a TR&specific complementary RNA (cRNA) probe directed at the entire length of the &-specific region (-56 to 495 bp) to perform ISH histochemistry would improve the detection of TR& mRNA in adult rat brain. A secondary aim of the study was to identify selected areas of rat brain that express TR& mRNA, which should provide clues to the direct regulatory role of TRP, gene products in rat brain development. Finally, sections were dehydrated through 70%, 95%, and 100% ethanol and air-dried. Sections were apposed to Hyperfilm p-max and exposed for 1 week.
Materials and Methods

Animals
Results
Northern blot analysis Figure 2 shows an autoradiograph of a Northern blot analysis of total RNA from rat pituitary, hypothalamus, cerebral cortex, and liver hybridized with TRP, oligonucleotide probe. A characteristic 6.2~kilobase mRNA, as previously reported (2), was only shown in the pituitary RNA preparation, but not in RNA samples from other parts of the brain or the liver in the Northern blot analysis. A similar pattern was found using the cRNA probe.
ISH
Oligonucleotide probe. Using the oligonucleotide probe, high levels of TRP, mRNA were detected in the peripheral region of the rat anterior pituitary (Fig. 3A) . Low to moderate levels of TRP, mRNA were observed in the dentate gyrus of the hippocampus (Fig. 38) . TRP, mRNA in the other areas of rat brain that were examined, however, was at near background levels.
cRNA probe. Using a cRNA probe generated from the entire length of the TR&specific region of its cDNA to perform ISH dramatically improved the sensitivity of detection of TR& mRNA. In contrast with the findings of the oligo ISH, we found an extended distribution and intense expression of TRP, mRNA in diverse areas of gray matter of the forebrain, cerebellum, brain stem, and auditory pathways. In the forebrain, expression was predominantly in cerebral cortex (most profound in layer 3) and dentate gyrus and Cl-3 subregion of the hippocampus (Fig. 4A) (Fig. 4A) . Cerebellar TRP, mRNA expression was primarily in the Purkinje cell layer (Fig. 40 .
Most interestingly and not previously reported, TR& mRNA signals were also present in structures involved in the central connections of the auditory pathways. These sites included the medial geniculate nucleus, tegmental bundle, medial and lateral lemniscus, and ventrical cochlear nucleus (Fig. 4, B and C) . In addition, there was strong signal positivity in other brain stem nuclei, such as the V and VII cranial nerve nuclei. To confirm the cRNA probe specificity, no specific signals were detected above background levels in the brain and pituitary, using the sense strand cRNA probe (Fig. 4D) .
Discussion
In this study we clearly indicate that ISH, using a TR& specific &WA probe generated from the entire length of the &specific region of its cDNA, greatly improved the sensitivity of detection of TRP, mRNA in adult rat brain. Previous attempts by Northern blot analysis or ISH using an oligonucleotide probe failed to detect TRP, mRNA outside the anterior pituitary gland or hippocampal regions. Our results show a specific pattern of expression of TRP, mRNA in diverse areas of gray matter, including hippocampus, layer 3 of the cerebral cortex, the Purkinje layer of the cerebellum, as well as nuclei involved in the central connections of the auditory pathways, hypothalamus, and brain stem. The present findings provide new evidence of TRP, mRNA expression in areas not previously thought to express this TR subtype and are in close agreement with recent immunoreactive TRP, studies of rat brain. Although the roles of TR isoforms remain unclear, the restricted expression of the TRP, subtype suggests an ability to confer functional specificity.
There have been no other mapping studies of adult rat brain to localize TRP, subtype expression using cRNA ISH. Bradley et al. (10) used a common TRP oligonucleotide probe to perform ISH and showed gene transcription in hippocampal regions CA1 and CA3/4, neocortex layers III/IV, paraventricular nuclei, and anterior pituitary. A detailed mapping study by Mellstrom et al. (11) of fetal and adult rat brain using cRNA ISH only probed for common a! or (pi and p, transcripts. Bradley et al. (12) examined the spatial and temporal expression of TRo and -p mRNA in the developing mammalian nervous system using a 380nucleotide (llO-491) p2 cRNA probe, but failed to demonstrate TRP, mRNA in fetal rat brain. However, more recently, Bradley et al. (51, using the same 380-nucleotide cRNA TRP, probe, showed restricted spatial and temporal expression of this receptor subtype in the rat embryonic inner ear.
In contrast to the detection of TRP, mRNA, TR&-like immunoreactivity in the rat central nervous system is widely represented using immunocytochemistry.
Indeed, the pattern of signal detection using immunocytochemistry is in close concordance with the data of the present study. The major areas of concordance were the cerebral cortex, piriform cortex, Purkinje layer of the cerebellum, arcuate nucleus, and hippocampus. We, however, found TR& mRNA signals in sites not reported by Lechan et al. (6) , particularly the central connections of the auditory pathways and several other brain stem nuclei and tracts. The previous inability to detect substantial TRj3, mRNA by Northern blot analysis or oligo ISH despite the detection of TRP, protein suggested either the presence of an unidentified T,-binding protein or an unusually high protein/mRNA ratio for TRP, in nonpituitary tissues (6,7). The findings of the present study argue strongly against the existence of a novel TRP,-related protein.
The present study highlights the increased sensitivity of cRNA ISH methodology to detect low levels of TRP, mRNA. The intense signals were developed in 1 week of exposure to the film compared with 5-8 weeks when using oligonucleotide probe. Probes containing only the antisense strand usually provide considerably higher signals, because there is no sense strand to compete in solution for hybridization with target mRNAs in situ. In addition, the probe can be labeled with higher specific activity, and nonspecific background can be easily reduced by posthybridization digestion with ribonuclease. The cRNA probe for the present study was transcribed and contained the entire length of the TRP,-specific segment (2). This may contribute to the higher probe-target match. By applying similar cRNA probe methodology, Bradley et al. (5), were able to show TRP, mRNA expression within the rat otic vesicle as early as E12.5. Our findings suggest that limitations in the sensitivity of Northern blot and other nucleic acid hybridization techniques are largely responsible for the inability to detect low levels of TRP, mRNA.
In the present study, we found strong signal detection in several brain structures that are vulnerable to thyroid hormone deficiency, particularly during development. This was most evident in structures involved in central auditory processing and connectivity, including the ventral cochlear nucleus, medial geniculate nucleus, tegmentum, and medial and lateral lemniscus. These data add further evidence for the importance of thyroid hormone in the development not only of the inner ear, but also of its central connections. Indeed, the auditory deficit of patients with endemic cretinism is characterized most commonly by a mixed pattern of central and peripheral deficits (1). Recent evidence also suggests that the adult brain may be responsive to perturbations of thyroid hormone (13). Finally, the spatial and temporal expression of TRP, mRNA along with other TR gene transcripts ((~i, (Ye, and &) in the brain in euthyroid and hypothyroid states needs to be determined to address the issue of the role of the specific TR isoforms. It will also be important to explore TR subtype gene expression in peripheral tissues, such as heart and kidney, where TR& protein has been described.
